Background Intravascular ultrasound (IVUS) of arteries is limited by the inability of current instruments to visualize beyond the catheter tip. We have developed a prototype 4-mm-diameter forward-viewing IVUS catheter (Cardiovascular Imaging Systems, Sunnyvale, Calif) that has the ability to provide B-mode cross-sectional ultrasound data for a distance of up to 2 cm distal to the catheter tip.
Methods and Results To study the utility of this device, a 20-MHz forward-viewing IVUS catheter was used to examine 13 arterial segments (5 human femoral arteries, 1 human carotid artery, 7 canine arteries) in vitro and 1 phantom. After imaging, all data were compared with histology (Histo). In all A therosclerosis is a complex disease of the arterial intima with intimal proliferation and deposition of lipids, fibrous tissue, and calcium. Differences in the degree and extent of these atheromatous deposits cause alterations in the residual wall and lumen morphology.1-3 We and others have previously demonstrated in vivo4 and in vitro56 that atherosclerosis (in particular coronary atherosclerosis) is more widespread and the residual lumens more altered than predicted by angiography.
Intravascular ultrasound catheters placed in arteries provide on-line information concerning lumen, wall, and atheroma morphology.7-'0 With an increase in the frequency of the ultrasound crystals, excellent resolution of near-field structures (atheroma, media, adventitia) is possible over the narrow depth of field required for intravascular imaging. However, current intravascular ultrasound instruments image perpendicular to the long axis of the catheter and can be thought of as side viewing. Transverse images of the vessel are obtained lateral to the transducer. Data cannot be obtained forward of the catheter tip. Therefore, these instruments are unable to provide anatomic information in vessels too small or too obstructed for the catheter to traverse.
There are several potential advantages of a forwardviewing intravascular ultrasound catheter. If vascular segments can be imaged ahead of the catheter tip, the morphology, including the length of lesions, topography, and constituents of lesions, can be evaluated without first crossing a lesion. It should be possible to view through noncalcified total occlusions. The length of such occlusions could be measured. Such a device may help in selection of the proper interventional therapy and provide directional control for that therapy. Our purpose was to develop an intravascular ultrasound catheter with forward-viewing capabilities.
Methods Instrumentation
Our prototype intravascular ultrasound catheter was developed together with Cardiovascular Imaging Systems (Sunnyvale, Calif). The catheter is 4 mm in diameter at its distal end, has a 20-MHz single-crystal transducer, and is mounted on a rotating cam assembly. The ultrasound crystal diameter is 0.7 in. (1.8 mm). The mechanism that converts the rotation of the drive cable into the scanning motion of the transducer is shown in Fig 1. This mechanism consists of a drive flange, an eccentrically mounted drive pin, a follower that holds the transducer, and a bearing housing. As the drive flange is rotated by the drive cable, the drive pin generates a sinusoidal motion in the scan plane that is converted by the follower into a rotational oscillation or scan of the transducer. The ultrasound transducer is oscillated through a 900 arc twice for every The present configuration has a depth of field of approximately 2 cm, with an axial resolution of 0.12 mm and a lateral resolution of 0.23 mm.
The imaging display for this prototype instrument is currently in evolution. The display console that we used was an adaptation of the original system designed for the display of radial images from side-viewing intravascular ultrasound instruments. Using this display mode with the forward-viewing instrument resulted in redundant information being displayed on the screen. Fig 2b is a typical image display consisting of the transducer at the center of the display, immediately surrounded by ring-down and side-lobe artifacts. True forwardviewing data depicting lumen and wall in a longitudinal view ahead of the transducer are in the bottom half of the screen. Duplication of the 900 sector plane occurred on the screen behind the true data so that, for data processing purposes, a triangular window encompassing only true forward-viewing data was used for the digitization process, as illustrated in 
Calibration
To calibrate our instrument, a phantom was prepared and imaged in a water bath. The phantom was made by precision drilling a series of concentric holes around a central axis. The largest hole was 0.25 in, with a depth of 0.30 in. The next hole was 0.12 in, with a depth of 0.13 in. The smallest hole had a diameter of 0.06 in, with a similar depth. The ultrasound transducer was fixed above the phantom in the central axis. This configuration allowed precise calibration of the axial and lateral dimensions of the instrument. Tubes of known constant diameter were also imaged in the same manner.
The axial measurements were found to be accurately depicted on the screen. However, the lateral measurements were distorted by the image display and varied linearly from the actual measurements. This distortion caused the image of a constant-diameter tube to appear to diverge with respect to depth distal to the catheter tip.
All lateral image data were corrected by the empirically derived equation obtained postmortem. All arterial specimens were fixed in formalin, mounted on frames, and then attached to a transducer assemoly for imaging. The mounting assembly allowed accurate identification of the imaging plane for later pathological analysis.
The imaging was subsequently performed in a water bath. All vessels were prepared with either dye or metal markers to define the transducer location at the time of imaging and the orientation of the imaging plane.
Two sets of pathological specimens were obtained. Set A specimens were fixed in formaldehyde, embedded longitudinally in paraffin, sectioned, and stained with hematoxylin and eosin. The dye markers permitted definition of the marker a.
imaging plane. Set B specimens were filled with a bariumformalin gel mixture and radiographed before being embedded in paraffin and longitudinally sectioned along the metal marker-defined imaging plane.
Validation
The forward-viewing ultrasound images were measured from the point of the transducer out to a distance of 2 cm, and a series of diameter measurements was obtained.
Similarly, the pathological slides were subsequently videotaped with a calibration rule and digitized by computer. The transducer location was defined. A series of diameter measurements was again performed from the transducer location forward to a distance of 2 cm for both sets A and B.
For the specimens with angiographic comparisons (set B), at the time of fixation, metal markers were placed in the loose adventitia of each wall. These markers demarcated the imaging planes for the forward-viewing intravascular ultrasound catheter. After imaging, the segments were radiographed perpendicular to the long axes of the markers. A similar set of diameter measurements was also obtained from the in vitro angiographic images, starting from the marker that defined the position of the transducer. The magnification factor for the radiograph was calculated from the length of the metal markers. This magnification factor was then used to correct each of the diameter measurements.
The matched diameter measurements from the ultrasound images were then compared with the histological measurements and angiographic measurements.
Statistical Analysis
Linear regression analysis was used where appropriate to compare the matching data points. All data were reported as mean±SD and SEE.
Results

Images
Fig 2 illustrates a schematic (a) and images obtained through a tube on our present prototype instrument (b). The transducer location is in the center of the image. The walls of the tube are shown pointing downward and appear to be parallel. The upper portion of the image is artifact (see above) resulting from our present imaging display. To eliminate confusion, this artifact has been removed from subsequent images that depict only the 900 sector imaged by our device (ie, true image data). schematic, an intravascular ultrasound image, and a histological specimen of the distal end of a dog aorta that ends in a trifurcation. The histological specimen was marked with dye to identify the imaging planes and mounted on a tongue blade. Note the large lumen of the aorta and the three smaller lumens of the trifureation at the bottom of the field. The walls are thin and free of disease. Fig 4, a schematic , an intravascular ultrasound image, and a histological specimen, illustrates a canine aorta that has been filled with barium gel and stained with hematoxylin and eosin. Two small branches can be seen on the right side of the image. The forward-viewing intravascular ultrasound image of the same artery demonstrates the walls of the vessel and the clearly defined branch points.
A human carotid artery bifurcation is demonstrated in Fig 5 (schematic, intravascular ultrasound internal and external carotid arteries. The histological specimen was sliced longitudinally and stained with hematoxylin and eosin. Note that the internal carotid artery on the left is totally occluded by a predominantly fibrocalcific plaque. The forward-viewing intravascular ultrasound image demonstrates that the arterial wall is thicker and that, distal to the calcified occlusion in the internal carotid, there was loss of ultrasound data. A side-lobe artifact partially obscures imaging of the external carotid to the right.
Quantification
There was a good correlation between histologically derived lumen diameters and echocardiographically derived lumen diameters between 3 and 12. slight overestimation of ultrasound measurements compared with histology ( Fig 6) . This may be due in part to shrinkage caused by the histological preparation. (FVIVUS LD=1.0 Histo LD+1.3; r=.87; n=26; SEE-1.25 mm. Histo range, 3.0 to 12.5 mm; IVUS range, 3.1 to 14.5 mm. In these equations, FVIVUS indicates forward-viewing intravascular ultrasound; LD, lumen diameter; and Histo, histologically derived.)
Comparison of the forward-viewing intravascular ultrasound-derived diameters and the angiographically derived lumen diameters over a range of 6 to 10 mm demonstrates a similarly good correlation (Fig 7) . (FVIVUS LD=1.2 Angio LD-0.9; r=.90; n=18; SEE-0.62 mm. Angio range, 6.0 to 10.0 mm; FVIVUS 
Discussion
We have demonstrated that this forward-viewing intravascular imaging device is feasible and provides promising imaging capabilities over the focal zone of the instrument. Our discussion will focus on factors influencing our results and potential implications of our data.
Factors Influencing Results
The effectiveness of the forward-viewing catheter is affected, in part, by our prototype instrument with an a. b. C. 16 14 12 FV IVUS 10i (mm) imaging display that is not yet optimized. The main consequences of this display are that images require measurement corrections, with some minor lateral artifactual image distortion as well as duplication artifact present on each image. These did not, however, create problems with actual data interpretation. The prototype catheter that we are working with is 4 mm in diameter. This large size necessitates working only with larger vessels. Smaller-diameter catheters are currently under development and will facilitate imaging of smaller vessels. Downsizing the catheters will result in decreased imaging penetration. The present catheter has a depth field of 2.0 cm. With this technology, the new 8F catheter should have a similar penetration of 1.5 to 2.0 cm; further downsizing of the catheter to SF will allow for penetration of 0.7 to 0.8 cm. Theoretically, therefore, not all total obstructions will be imaged in their entirety. However, the majority of obstructions should be imaged with enough detail to permit the operator to make diagnostic decisions. This remains to be determined. As expected, calcium was found to affect the penetration of the ultrasound beam and to cause sidelobe artifacts. This may be a limiting factor for the evaluation of complete and/or chronic obstructions. 12 
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FV IVUS (mm) Since forward-viewing intravascular ultrasound data are quite different from present side-viewing ultrasound data, advantages and limitations have yet to be identified. In particular, the ability to identify media in normal vascular segments and individual plaque components in atherosclerotic plaques has yet to be determined. Variable acoustic properties distinguish the media and individual plaque components in present side-viewing (tangential) intravascular ultrasound. Theoretically, the media and layers of the arterial wall will be imaged with forward-viewing ultrasound along the ultrasound scan lines (parallel) rather than perpendicular to the scan lines, resulting in some loss of acoustic differentiation of plaque and wall components. However, it is reasonable to expect that in practice, much of the forward-viewing data will be obtained at angles to the scan lines, resulting in altered acoustic signals as the ultrasound beam travels through individual components of the arterial wall. Once the imaging and display are optimized, then further studies will be necessary to identify acoustic parameters indicating the various arterial wall components.
Future Uses
Our preliminary results are very encouraging. The advantages to having the ability to image forward of arterial lesions indicate the need for further development of this device. This device did allow identification of vessel lumens, as well as branches and lumen obstructions. Since the catheter does not need to traverse a segment to image, small residual lumens will not be further compromised. A longitudinal three-dimensional morphological assessment of segments can be performed by rotating the catheter and integrating the image data.'1 Such a device may be able to provide images in smaller-diameter arteries to allow directional control for interventional therapies such as directed atherectomy or laser angioplasty. [12] [13] [14] [15] [16] 
